Background and Purpose-Early identification of patients at risk of angiographic vasospasm after aneurysmal subarachnoid hemorrhage (SAH) may mitigate its sequelae. One mechanism that may contribute to angiographic vasospasm is increased central sympathetic activity, which is also thought to cause electrocardiographic (ECG) changes after SAH. Here, we perform the first study to determine the association between ECG changes and angiographic vasospasm after SAH. Methods-Exploratory analysis was performed on 413 patients from CONSCIOUS-1, a prospective randomized trial of clazosentan for the prevention of angiographic vasospasm. ECGs were obtained within 24 hours of aneurysm rupture and during the vasospasm risk period. Angiographic vasospasm was assessed using catheter angiography at baseline and 7 to 11 days after SAH. Multivariate logistic regression was used to identify significant associations. Results-The most prevalent finding on ECG both immediately following SAH and during the vasospasm risk period was QT prolongation (42% and 25%, respectively). A prolonged QT interval and tachycardia on the baseline ECG were associated with angiographic vasospasm (OR, 1.86; 95% CI, 1.00 -3.45; and OR, 10.83; 95% CI, 1.17-100.50, respectively). QT prolongation on ECG during the vasospasm risk period was also associated with angiographic vasospasm (OR, 3.53; 95% CI,. No ECG findings were associated with delayed ischemic neurological deficit, but tachycardia and ST changes were associated with worse clinical outcome. Conclusions-QT prolongation and tachycardia on ECG were independently associated with angiographic vasospasm after aneurysmal SAH on multivariate analysis. Clinical Trial Registration-URL: http://clinicaltrials.gov. Unique Identifier: NCT00111085.
A ngiographic vasospasm is an important cause of morbidity and mortality after aneurysmal subarachnoid hemorrhage (SAH). 1 The strongest known predictor of angiographic vasospasm is the subarachnoid clot burden present on baseline computed tomography scan. 2, 3 Although the pathophysiology of angiographic vasospasm following SAH is incompletely understood, pathological hyperactivity of the sympathetic nervous system is 1 mechanism that may be important for this phenomenon. 4, 5 An increase in central sympathetic activity is also thought to contribute to electrocardiographic (ECG) abnormalities that may be discernable following SAH. 6 Although several studies have evaluated the association between ECG abnormalities and clinical outcome following aneurysmal SAH, it remains unknown whether an association exists between ECG changes and angiographic vasospasm. The identification of such an association is important for several reasons. First, early identification of patients at risk of angiographic vasospasm may permit closer observation, rapid intervention, and potentially improved outcomes. Second, few predictive models exist for the identification of these patients, and an association between ECG changes and angiographic vasospasm would provide additional insight into the underlying processes mediating both cerebrovascular and cardiovascular changes after SAH. Finally, ECG is a ubiquitous, inexpensive, and readily available diagnostic tool, which has yet to be utilized for the prediction of angiographic vasospasm.
The current article is the first to identify ECG changes that are associated with angiographic vasospasm following SAH. To do so, we used a unique patient database accrued in the CONSCIOUS-1 (Clazosentan to Overcome Neurological iSChemia and Infarction OccUrring after Subarachnoid hemorrhage) trial, in which all subjects underwent catheter angiography to determine the extent of angiographic vasospasm. Secondary outcomes, including delayed ischemic neurological deficit (DIND) and clinical outcome as mea-sured by the modified Rankin Scale score, were also correlated with ECG changes.
Methods

Study Population
We conducted a post hoc analysis of 413 subjects enrolled between January 2005 and March 2006 onto CONSCIOUS-1, a prospective, randomized, double-blinded phase IIB trial evaluating the efficacy of clazosentan in preventing angiographic vasospasm. 7 The methods and results have been published. 7 
Clinical Assessment
All patients with computed-tomography-confirmed SAH were admitted to the respective neurosurgical units and underwent microsurgical clipping or endovascular coiling as deemed appropriate by the treating physician. The severity of the subjects' presenting symptoms was classified based on the World Federation of Neurosurgical Societies (WFNS) scale. 8 All subjects were monitored for development of DIND, which was defined as neurological worsening of Ն2 points on the modified Glasgow Coma Scale, or an increase of Ն2 points in the abbreviated National Institutes of Health Stroke Scale lasting Ͼ2 hours. 9 At 12 weeks postSAH, the subjects' modified Rankin Scale score was calculated with poor clinical outcome, which was defined as outcomes worse than moderate disability. 10 
Electrocardiography
An ECG was obtained for all patients within 24 hours of aneurysm rupture and during the time of risk of angiographic vasospasm, defined as 7 to 11 days following SAH. For this analysis, we included also ECG performed 4 to 7 days after SAH. The frequency of abnormal findings on ECG in rate, rhythm, ST-segment, intervals, and T-waves was reported based on these ECG recordings, not on continuous ECG recording. Tachycardia was defined as a heart rate of Ͼ100 beats/minute, and bradycardia as Ͻ60 beats/minute. STsegment elevation and depression were defined as deviations of 1 mm above and below the baseline, respectively. The frequency of nonspecific ST-changes was also documented. A QT interval, corrected for heart rate Ͼ410 ms and a QRS interval Ͼ100 ms were considered abnormal, respectively. All ECGs were interpreted by the treating physicians.
Serum Potassium
As serum potassium has been previously reported as an independent risk factor for ECG changes following SAH, 11 we incorporated the electrolyte levels on presentation in the statistical models that included baseline ECG changes. Hypokalemia and hyperkalemia were defined as potassium levels Ͻ3.2 mmol/L and Ͼ5.5 mmol/L, respectively. The mean time between SAH ictus and bloodwork was 23.5Ϯ18.2 hours.
Radiology
All patients underwent catheter angiography within 48 hours of aneurysm rupture, and then at 7 to 11 days postSAH. Angiographic vasospasm was determined by the percentage of change in arterial diameter between baseline and follow-up angiograms as follows: none (0%-25%), mild (26%-50%), moderate (51%-75%), and severe (76%-100%). Computed tomography scans were performed at baseline, 24 to 48 hours after the aneurysm-securing procedure, 6 weeks postaneurysmal rupture, and again as deemed necessary by the treating physicians. The extent of SAH was quantified using the Hijdra scale, which evaluates the amount of clot in 10 fissures and cisterns. 12 All images were reviewed centrally by 2 independent, blinded reviewers with adjudication of disagreements on angiographic vasospasm.
Statistics
Descriptive statistics are reported as frequencies, and relatedsamples are compared using the sign test. Where indicated, variables were dichotomized by their median value. Two analyses were performed, initially using the entire database of patients enrolled onto the trial, and second, only the patients who received placebo (nϭ96). Binary logistic regression was used to model the presence of vasospasm, DIND, and poor clinical outcome against potential predictive variables. Covariates were chosen for inclusion in the multivariate regression model based on a review of correlative variables in literature, as well as in this database. 3 ECG findings that were previously shown in literature to correlate with outcome were included in the analysis. Variables with Ͻ5 events were excluded from the final models. For all final models, statistical significance was set at PϽ0.05. Analysis was performed using SAS 9.3 (SAS Institute, Inc).
Results
Patients
Four hundred thirteen patients with a median age of 51 years were enrolled onto the CONSCIOUS-1 trial (Table 1) . Of these, 76% were WFNS Grade 1-3 and the majority of aneurysms were in the anterior circulation (89%).
The most prevalent ECG finding within 24 hours of aneurysm rupture (Table 2) was QT prolongation (42%), followed by bradycardia (17%) and nonspecific ST changes (9%). During the vasospasm risk period, QT prolongation remained the most prevalent finding (25%), although the decrease in frequency of QT prolongation over the time interval could not be attributed to chance alone (PϽ0.001). During the vasospasm risk period, bradycardia and tachycardia were equally prevalent at 10%, although the 
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proportion of patients with bradycardia decreased since the baseline ECG (Pϭ0.07). When ECG abnormalities were analyzed by aneurysm location, there was a trend toward greater frequency of nodal rhythms in patients with anterior circulation aneurysms compared with posterior circulation (Pϭ0.07). No other associations between ECG abnormalities and aneurysm location were identified.
Angiographic Vasospasm
In the binary logistic regression model, variables that were found to be significantly associated with mild, moderate, or severe angiographic vasospasm ( There were no ECG findings that were associated with severe (versus none, mild, or moderate) angiographic vasospasm in the complete cohort of subjects. However, within the subgroup of patients who only received placebo (nϭ96), QT prolongation at baseline was significantly associated with severe angiographic vasospasm on multivariate analysis (OR, 14.67; 95% CI, 1.30 -165.57). As we only included variables with Ͼ5 events in the multivariate model, the prevalence of tachycardia within the placebo-only group (4 patients, 4.2%) precluded multivariate modeling.
Delayed Ischemic Neurological Deficit
There were no findings on ECGs that independently predicted DIND ( Table 4 ). The most significant predictor of DIND was the presence of mild, moderate, or severe angiographic vasospasm (OR, 69.87; 95% CI, 9.14 -534.27). Higher WFNS scores (OR, 2.58; 95% CI, 1.11-5.99) and higher subarachnoid clot burden (OR, 2.63; 95% CI, 1.11-6.22) were also predictive of DIND.
Clinical Outcome
Factors associated with poor clinical outcome on multivariate analysis ( 
Discussion
This exploratory analysis found that QT prolongation both on the ECG performed within 24 hours of aneurysm rupture and that performed during the vasospasm risk period was independently associated with the presence of angiographic vasospasm. Furthermore, tachycardia on the baseline ECG was associated with angiographic vasospasm and poor outcome. ST segment changes on the delayed ECG examination were also associated with poor outcome. The present study adds to studies of ECG changes following SAH, in part related to neurogenic stunned myocardium (Lee et al, 13 and Nguyen and Zaroff 14 for review). ECG changes in association with SAH are thought to be related to increased central sympathetic activity, resulting in a hyperdynamic cardiovascular state. 6 The cerebral circulation is also densely supplied by noradrenergic sympathetic nerve fibers mainly originating in the superior cervical ganglion. 15, 16 Although the pathogenesis of vasospasm is complex and only partially understood, there is evidence to suggest that sympathetic hyperactivity is 1 mechanism contributing to this phenomenon. In 1 study, patients with symptomatic cerebral vasospasm showed improvements in cerebral perfusion following ipsilateral locoregional cervical sympathetic block. 5 Furthermore, Yasargil performed surgical ablation of periadventitial sympathetic fibers, resulting in chronic denervation during craniotomy for ruptured aneurysms, and reported low rates of angiographic vasospasm. 17 It follows, therefore, that ECG manifestation of increased central activity, such as depolarization abnormalities, may serve as surrogate markers of cerebrovascular vasospasm. Interestingly, despite improvements in perfusion in the aforementioned study, proximal vessel caliber did not increase following sympathetic block. 5 Analogously, stellate ganglion blockade did not seem to affect ECG changes following SAH. 18 The finding that QT prolongation is the most prevalent ECG finding after SAH is in keeping with published series. 19 -21 Prospective studies have previously concluded that ECG changes are mainly seen in the early stages 22, 23 ; however, we show that the proportion of certain findings (tachycardia and nonspecific ST-changes) actually increase in interval between baseline and the vasospasm risk period. In our multivariate model, we included numerous variables that have been previously linked to ECG changes after SAH following a thorough literature review, including sex 24 and aneurysm location. 25, 26 Previous studies have linked various ECG findings to poor outcomes on multivariate analysis, including cardiac arrhythmias (prevalence of approximately 4% in 1 series). 27 Other ECG findings linked to poor outcome include bradycardia, 28 relative tachycardia, 28 -30 and ST-and T-wave abnormalities. 28 -33 One observational study identified a tilt toward depressed sympathovagal balance, as determined by heart rate variability, as a contributor to poor outcome after SAH. 34 To our knowledge, only 1 previous study identified the QT interval as an independent predictor of in-hospital mortality 31 ; however, as the investigators did not account for vasospasm or DIND, it is difficult to know whether patients with QT interval were less likely to survive because of symptomatic vasospasm and DIND. In contrast, another previous study corroborated our results that QT prolongation is not associated with outcome after SAH. 21 The association in the current study between prolonged QT interval and angiographic vasospasm may explain the findings of Ichinomiya and colleagues who found that a prolonged QT interval (Ͼ448 ms) at 7 days postaneurysm rupture was a predictor of neurological outcome. 35 This group furthermore found that improvement in QT prolongation was associated with favorable outcome, suggesting a role for angiographic vasospasm as a mechanistic explanation. A significant limitation of previous studies is the lack of assessment of angiographic data to diagnose vasospasm. For example, Brouwers and colleagues found that fast rhythm disturbances correlated with poor outcome, but not cerebral ischemia; but, they did not directly assess arterial luminal narrowing. 30 The current article therefore bridges a gap in knowledge between ECG findings and angiographic vasospasm.
It has been postulated that in the presence of known vasospasm, ECG abnormalities may identify patients who will go on to develop cerebral ischemia. 36 This may be related to poor cardiac output as a result of neurogenic stunned myocardium, which may increase the risk of delayed cerebral ischemia from existing vasospasm. Supporting the physiological role for ECG abnormalities as markers of poor cardiac output, it has been previously reported that QT dispersion may be a marker of cardiorespiratory compromise 37 ; and QT prolongation, in addition to T-wave inversion, is a sensitive marker of abnormal wall motion on echocardiography after SAH. 6 However, in a prospective study of 121 patients designed to test the association between cardiac abnormalities and delayed cerebral ischemia, no such relationship was identified. 36 Similarly, we find that no ECG abnormalities were associated with risk of DIND in the current patient cohort, although several ECG findings were associated with the presence of angiographic vasospasm.
The main limitation of this study is our inability to account for the administration of cardiotropic drugs, which may influence ECG changes; however, in 1 study, ECG changes were independent of plasma norepinephrine levels. 38 Another limitation is that clazosentan was associated with a higher incidence of hypotension than was placebo in CONSCIOUS-1, and this might influence ECG changes. Conversely, analysis only of the placebo patients had similar findings in this data. Clazosentan is not known to have any direct effects on ECG. Our strengths include the availability of catheter angiography on all subjects for the evaluation of angiographic vasospasm and systematic and consistent collection of outcome variables. Furthermore, we present one of the largest series evaluating ECG changes in SAH patients, and the only such series evaluating the association between ECG change and vasospasm.
Conclusion
Abnormalities on ECG, such as QT prolongation and tachycardia, are independently associated with angiographic vasospasm. Tachycardia and nonspecific ST-segment changes are also significantly associated with poor outcome.
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